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in the presence of HRP solution (50 µl of 2.0 mg ml -1 in 1.0 ml fresh PBS). During the oxidation process, the heme protein of HRP became electrostatically attached onto the PANI film (Songa et.al. 2009; Mathebe et al. 2004) .The biosensor was stored in PBS at 4 °C when not in use.
HRP Biosensor response to hydrogen peroxide
The response of the biosensor (Pt//PANI/HRP) to H 2 O 2 was studied at pH 7.0 in PBS. Cyclic voltammetric (CV), differential pulse voltammetry (DPV) and amperometric responses of the biosensor were recorded by adding small aliquots of 0.01-0.05 M H 2 O 2 .
Determination of Cd

2+
, Cu 2+ and Pb
2+ in model solutions
Amperometric measurements of HRP inhibition by cadmium, copper and lead were carried out in a cell containing 2.0 ml of 0.1 M PBS (pH 7.02) and constant concentration H 2 O 2 (0.5 mM) with continuous stirring. The experiments were carried out at -0.20 V versus Ag/AgCl (3 M NaCl) and allowing the steady-state current to be attained. An appropriate volume (µl) of the inhibitor stock solution (10 ppm of each Cd 2+ , Cu 2+ and Pb 2+ ) was then added using a micropipette. After each experiment the enzyme electrode activity was regenerated by rinsing the electrode with distilled water.
Analysis of heavy metals in tap water and landfill leachate samples
Water samples were collected as follows: Tap water was collected from the Laboratory Tap at University of Western Cape, Bellville, Cape Town. Landfill leachate sample was collected from the Marrianhill landfill (Ethekwini municipal solid waste deposit). The leachate water sample was collected in polyethylene container and stored in the fridge at 4 °C. Determination of heavy metals in tap water was achieved using standard addition method. The pH of the tap water samples was first adjusted from 8.90 to 7.04 before the analysis was carried out. The tap water sample (10 ml) was spiked with 0.1 ppm of each metal solution (Cd 2+ , Cu 2+ and Pb 2+ ) followed by amperometric analysis. For ICP-OES, the tap water sample was analysed without the addition of metal standards. Leachate water sample is rich with organics; therefore prior electrochemical analysis, the organics were removed by passing the water sample through C-18 SPE column. The cartridges were first conditioned with 5 mL methanol followed by 5 mL water. The C-18 column retained the organics and the water sample containing inorganics was collected. The collected leachate water sample was spiked with 0.1 ppm of each metal solution (Cd 2+ , Cu 2+ and Pb 2+ ) followed by Pt/PANI/HRP biosensor analysis. For ICP-OES analysis, the leachate samples were filtered with 0.45 µm pore size filter before they were subjected to UV digester. This procedure was done in order to destroy all dissolved organic matter in the landfill leachate sample. A UV digester 705 equipped with a 500 W Hg lamp from Metrohm was used. The quartz vessels were arranged concentrically around the Hg lamp with a distance of 2.5 cm. Ten mL of leachate samples were placed in quartz vessels and 100 μL H 2 O 2 was added to each sample. The solution was irradiated with UV light for about 2 hour. The leachate water sample was then analyzed by ICP-OES.
Results and discussion
Electrosynthesis of PANI film
Multiscan voltammetry of Pt/PANI electrode was performed (result not shown). The redox peak currents increased with increasing scan rate while the peak potentials showed slight increase in positive potential. These observations shows that the polymer is electroactive and the peak currents are diffusion controlled ( Mathebe et al. 2004) . In order to calculate surface concentration of the PANI film, Г* PANI , Brown-Anson equation (1) (Bard & Faulkner 2000) was used.
where n is the number of electrons (n = 2) transferred, F is the Faraday constant (96584 C mol −1 ), Γ* PANI is the surface concentration of the PANI film (mol cm −2 ), A is the surface area of the electrode (0.0177 cm 2 ), υ is the scan rate (V s −1 ), R is the gas constant (8.314 J mol K −1 ), and T is the absolute temperature of the system (298 K). A graph of peak current versus scan rate was obtained and the slope of the curve was used to calculate the surface concentration of the PANI film. The surface concentration was found to be 7.8×10 -7 mol cm -2 . The surface concentration obtained in our study was comparable to that reported by Mathebe et al. 2004 (1.85×10 -7 mol cm -2 ). The Randles-Sevcik equation (2) was used to calculate the diffusion coefficient of the electrons within the polymer (Gau et al. 2005 ). 
where p i is the peak current (A), n is the number of electrons appearing in half-reaction for the redox couple, A is the area of the electrode (cm 2 ), D is the diffusion coefficient (cm 2 /s), C is the concentration (mol/cm 3 ) and v is scan rate (V/s). Equation 2 was used to plot peak current versus the square root of the scan rate and the slope of the linear regression was used to estimate the diffusion coefficient of the electrons within the polymer ( e D ) as 4.07×10 -8 cm 2 s -1 .
Spectroscopic characterization of polyaniline
The absorption spectrum of PANI (dissolved in DMF) shows two characteristic absorption peaks at 340 nm and 660 nm. The first absorption peak was assigned to π-π * transition of the benzenoid rings and the second was attributed to the transition of benzenoid rings into quinoid rings ( Laska & Widlarz 2005; Kan et al. 2006) . The results (UV-Vis characterization of PANI) obtained in this study are in close agreement with the literature values (Laska &Widlarz 2005; Kan et al. 2006; Singh et al. 2008; Mazeikiene et al. 2007; Kang, Neoh & Tan 1998) . The FTIR absorption band at 3325 cm −1 was assigned to N-H stretching of the amine group of polyaniline (spectrum not shown). The peaks at 1596 and 1493 cm −1 which are characteristics of, polyaniline, were most likely due to the C=C stretching of quinoid and benzenoid groups, respectively (Lakshmi et al. 2009; Kim et al. 2001 The electrochemical behaviour of Pt/PANI/HRP electrode in the absence and presence of H 2 O 2 in PBS (0.1 M, pH 7.02) was studied using CV and DPV. Figure 1 shows CV (A) and DPV(B) of Pt/PANI/HRP electrode in different concentrations of H 2 O 2 (0-6.9 mM) at scan rate of 10 mV s -1 and 20 mV s -1 for CV and DPV, respectively. The value used in this study for the optimum concentration of HRP was as per Ndangili et al. (2009) and Songa et al. (2009) . The effect of pH on HRP electrode response was investigated by CV in the pH ranges from 5.5 to 8.5 in the presence of 1.0 mM H 2 O 2 . The HRP electrode response current achieved a maximum value at pH 7.0. Therefore, in order to obtain maximum sensitivity, 0.1 M PBS solution of pH 7.0 was used throughout this study. As expected, in the absence of H 2 O 2 , no significant current was observed. However increasing the amount of H 2 O 2 showed increased cathodic peak current intensity due to the reduction of H 2 O 2 . In order to confirm whether the change in current intensity observed was due to the enzymatic catalytic reduction of H 2 O 2 , control experiments in the absence of HRP were carried out. At both the bare electrode (Pt) and polymer modified surface (Pt//PANI) no H 2 O 2 reduction current was observed at -200 mV. This is because, the reduction reaction of H 2 O 2 at both electrodes in the absence of HRP, is very slow and usually occurs at higher potentials. The difference in the observations made for the control experiments (Pt and Pt/PANI) compared to that for Pt/PANI/HRP confirms that the increase in the cathodic current was due to the direct electron transfer between the HRP molecules and the electrode . Moreover, PANI provides a suitable platform for the immobilization of HRP on the platinum electrode surface and it also mediates in electron transfer between HRP and the electrode (Gerard et al. 2002) . Thus the reduction peak is an indication of the electrocatalytic activity of the enzyme on H 2 O 2 (Sun et al. 2004 ). Figure 2 shows the possible mechanism of electric transduction between the platinum electrode, PANI and HRP enzyme active site combined with electrocatalytic reduction process of H 2 O 2 by HRP. It can be seen from figure 2 that H 2 O 2 is reduced by HRP to form water and in turn HRP gets oxidized to form Compound I. The latter is converted to HRP through the formation of intermediate (Compound II) via a two-electron reduction step (Iwuoha et al. 1997) . The reduction of Compound I is due to the direct electron transfer that takes place between the PANI modified electrode and the enzyme (Liu & Ju 2002) . The relatively low potential value for H 2 O 2 reduction (-200 mV) in the presence of HRP, ensures minimal risk of interfering reactions of other electroactive species in solution as well as low background current and noise levels (Tong et al. 2007; .
Amperometric responses of Pt/PAN/HRP to H 2 O 2
Amperometric responses of Pt/PANI/HRP biosensor were investigated by consecutively increasing the concentration of H 2 O 2 at a working potential of -200 mV. Figure 3 presents a typical steady state current-time plots obtained with the fabricated biosensor upon successive additions of 10 μL of 0.001 M H 2 O 2 into 2.0 mL PBS with the calibration plot as an inset. It was observed that, upon the addition of H 2 O 2 into the PBS, the reduction current rises sharply to reach the steady state value. In addition, the biosensor attained 95% steady state current within 5 seconds after each addition of 10 µL 0.010 M H 2 O 2 . This observation implied a fast response of the fabricated biosensor.The response currents at the biosensor were linear to H 2 O 2 in the range from 0.05 to 3.17 mM with a correlation coefficient of 0.9991 (n = 18); sensitivity of 1.75 µA mM -1 ; and a detection limit of 36.8 nM (0.0368 µM) (estimated at a signal-to-noise ratio of 3).
Kinetics of Pt/PANI/HRP electrode
A plot (not included) of the reciprocal of current versus the reciprocal of H 2 O 2 concentration (Lineweaver-Burk plot) showed a linear relationship implying a kinetic behavior (Liu and Ju 2002; Wang, et al. 2009a ). Using equation 3, Michaelis-Menten constant of the enzyme could be calculated as per previous studies (Liu, and Ju 2002; Mathebe, Morrin, and Iwuoha 2004) :
where I is the observed response current, max I is the maximum steady state current that can be attained for the system (Pt//PAN/HRP biosensor), (Wang et al. 2009 ).
Reproducibility, repeatability and stability of Pt/PAN/HRP biosensor
To evaluate the reproducibility of the HRP based biosensor, six biosensors were prepared under similar conditions separately. The amperometric responses of each biosensor to successive additions of H 2 O 2 (0.05 to 0.30 mM) were recorded and gave a relative standard deviation (RSD) of 3.8% (n = 6). The precision (repeatability) of a selected biosensor was investigated by recording the response current using 0.05 mM H 2 O 2 for replicate experiments (n = 10). The biosensor showed a high precision with a %RSD of 2.1%. The stability of the Pt/PANI/HRP electrode (stored in 0.1 M PBS at 4 °C in between measurements) was tested every two days by amperometric measurements in the presence of 0.05 mM H 2 O 2 . After two weeks, the biosensor retained > 95% of its initial response, indicating good stability. The latter implies that the HRP molecules were firmly immobilized in the PANI films which provided a biocompatible microenvironment. were calculated and their values are presented in Table 1 . Where SD is standard deviation of the blank signal (n = 8) obtained in PBS ( SD = 2.4×10 -4 µA) and m is the slope of the calibration curve. The low LOD and LOQ values confirmed good sensitivity of the proposed biosensor method for the determination of heavy metals. Table 6 shows a summary of analytical response and linear regression characteristics of calibration curves for heavy metals. The inhibition of heavy metals to HRP enzyme is reversible, and the biosensor can be reused (beyond 10 runs) after rinsing with double distilled water. Table 1 . A summary of analytical characteristics and regression parameters for calibration curves for determination of heavy metals.
Inhibition studies
The values of the steady state current in the absence ( 0 I ) and in the presence ( i I ) of an inhibitor were determined from the recorded amperograms in Figure 4 
The % I values obtained were used to compare the inhibitory effects of the different metal ions on the activity of the immobilized HRP. Inhibition plots showing the effects of heavy metals on the activity of the immobilized HRP are presented in Figure 5 . The order of inhibition was found to increase from Pb 2+ (32.8 %), Cu 2+ (43.4 %) to Cd 2+ (51.1 %) in the presence of 0.95 mM H 2 O 2 . It should be noted that the higher the % I value the higher the degree of enzyme inhibition by the heavy metal. There are two approaches that can be used for inhibition studies; incubation method and direct method (without incubation) and in this study the latter was employed. It was observed that when using the direct method, it is difficult to attain the concentration that causes 50% inhibition ( 50 IC ) (Songa et al. 2009 IC value for Cd 2+ using direct approach, the results from the latter approach were used to investigate the inhibition kinetics and the type of inhibition (competitive or non-competitive).
Investigation of inhibition kinetics and mechanism
The amperometric response of the biosensor to various H 2 O 2 concentrations (in 0.1 M PBS, pH 7.02) in the absence (0 ppm Cd 2+ ) and presence (3.13 ppm Cd 2+ , 50 IC ) of an inhibitor was recorded at -200 mV ( Figure 6A ). The response of the biosensor to various H 2 O 2 concentrations in the presence of an inhibitor was done as follows; HRP electrode was first incubated in PBS containing 3.13 ppm Cd 2+ for 20 min followed by the successive addition of different concentrations of H 2 O 2 . A fast response of the biosensor to the additions of different concentrations of H 2 O 2 was observed in the absence of Cd 2+ whereas the presence of 3.13 ppm Cd 2+ gave a slow response. Studies suggest that during incubation, Cd 2+ slowly binds to the enzyme and leads to gradual conformational changes (Keyhani et al. 2003 , Tayefi-Nasrabadi et al. 2006). Therefore, it can be suggested that the difference in background current could be due to the conformational changes of HRP. Figure 6B shows the Lineweaver-Burk plots for enzymatic reactions. The slope and the y-intercept values of the linear plots were used to calculate apparent Michealis-Menten constants app M K and maximum current ( max I ) in the absence and the presence of Cd 2+ (Table 2) . indicates that the type of inhibition in this study is reversible and also non-competitive inhibition and the inhibition constant was found to be 27.8 µM (Amine et al. 2006; Stoytcheva 2002) . Non-competitive inhibition occurs when the inhibitor binds to both the enzyme and enzyme-substrate complex. The possible mechanism of non-competitive inhibition can be seen in Scheme 1 (Amine et al. 2006 
Selectivity of Pt/PAN/HRP biosensor
In order to show the selectivity of Pt/PANI/HRP biosensor, the response of possible interferences in tap water (drinking water) components on the determination of heavy metals were investigated. A range of cations were measured to examine if they interfered with the determination of heavy metal cations. The effect of possible interferences in drinking water such as Mg 2+ , Zn 2+ , Ca 2+ , K + , Fe 3+ and Na + was investigated by Pt/PANI/HRP biosensor under the same working conditions. Table 3 presents the possible interferences tested with the biosensor. It can be observed that most cations had minimal effect (<5%) on the determination of heavy metals apart from Fe 3+ which also inhibit HRP activity. However, at the same concentration (1.0 ppm), the degree of inhibition by interferent is still less than that of the analyte cations Table 3 . Interference studies showing the effects of cations on the response of Cd 2+ , Pb 2+ and Cu 2+ .
Apart from the degree of inhibition of the interfering species, the selectivity of the biosensor was also evaluated by two methods; mixed and separate solutions (Stefan et al. 2001; Macca & Wang 1995) with respect to Cd 2+ , Cu 2+ and Pb 2+ . For the mixed solution method, the concentration of the interfering cation was 1.0 ppm and the concentration of the analyte was 0.5 ppm. In the case of separate solution method, the concentration of the analyte and that of interfering cation were equal (1.0 ppm). Amperometric selectivity coefficients and response ratio were calculated using equations (5) and (6) 
, 
Application of Pt/PANI/HRP for analysis heavy metals in tap water and landfill leachate samples
The performance of the biosensor (Pt/PANI/HRP) was tested using both tap water and landfill leachate water samples. The latter were collected from Sensor Lab in the University of Western Cape (Cape Town, South Africa) and Marrianhill landfill in Durban (South Africa). The quantification of Cd 2+ , Pb 2+ and Cu 2+ in water samples was achieved by employing the standard addition method. For tap water sample, the sample preparation was not required. This is because the possible interferences that are normally present drinking water samples did not have much effect on the catalytic activity of immobilized HRP. The procedure involved initially measuring the response of the biosensor after subsequent additions of 0.05 mM H 2 O 2 followed by metal-spiked tap water (0.1 ppm metal ion solution), into the PBS solution containing H 2 O 2 (0.5 mM). On addition of the water sample, current intensity was observed to decrease and the magnitude of the decrease was proportional to the amount of metal spiked. The decrease in the response current was most likely due to the inhibition of the enzyme by the metal ions. A possible dilution effect due to increased volume of added tap water was checked by setting a control experiment where deionized water was used instead of metal spiked tap water. The inhibition effect was not observed with the deionized water. In order to double-check the effect of metal inhibition, H 2 O 2 was added into the mixture and resulted in an increase in current intensity. Similar Interferent, j Amperometric selectivity coefficient,
Cu Pb in the tap water sample (analysed in triplicate for each metal) were calculated from the calibration curves and the results are presented in Table 5 . In the case of landfill leachate water sample, sample preparation was performed. Solid phase extraction (amperometric biosensor) and UV digestion (ICP-OES) were used to minimize organic interferences. After removal of organics the same procedure that was applied for tap water sample was followed. Summary of the concentrations found by the fabricated biosensor are presented in Table 5 . Results of heavy metals obtained by amperometric biosensor and ICP-OES were compared statistically by Student t-test (two-tailed). At 95% confidence interval, the results by the two analytical techniques for the determination of Cu 2+ were not significantly different (p = 0.035 < 0.05). However, the two methods differed significantly for the determination of cadmium, at 95% confidence interval (P = 0.116 > 0.05). The reason for this discrepancy could be the difference in limits of detection (LOD) capabilities by the two techniques. The detection limit for cadmium was 2.70 ppb with the ICP-OES and 0.091 ppb (91 ppt) with the biosensor. Thus the detection limit for Cd 2+ obtained with the biosensor is lower by a magnitude of 30 to that by ICP-OES. It should be noted that the concentration of Cd 2+ in the tap water sample was less than the LOD of ICP-OES (LOD = 2.70 ppb cited from ICP-OES operation manual). This explains the poor precision when the tap water sample was analyzed by ICP-OES in triplicate (3 repeated runs gave 0. (Table 5) showed good correlation between the results obtained with the biosensor and the standard technique. Applying the Student t test, it was possible to verify that the averages obtained by the both methods are not significantly different at a confidence level of 95% (P = 0.009 < 0.05). With both methods, cadmium and lead were not detected.
Conclusions
An inhibition amperometric biosensor for the determination of selected heavy metals was fabricated on the base of the inhibition to horseradish peroxidase, which was immobilized on platinum-polyaniline electrode. Inhibition of HRP activity by heavy metals followed noncompetitive reversible mechanism. The HRP biosensor exhibited fast response, high sensitivity towards the determination of heavy metals (LOD of 0.091, 0.033 and 0.10 ppb for Cd 2+ , Pb 2+ and Cu 2+ , respectively). The fabricated biosensor was applied for the determination of heavy metals in real samples (landfill leachate and tap water). The evaluation of the amperometric biosensor measurements against the standard technique (ICP-OES technique) verified the suitability of biosensor for rapid analysis of heavy metals. Moreover, the amperometric biosensor requires minimal sample preparation as compared to the tiresome sample pretreatment procedures required prior to metal determination by the conventional ICP-OES method.
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